Tension wood of poplar (Populus nigra) branches was studied by lightand electron microscopy. The characteristic features of tension wood such as wider growth rings, reduced vessel density and higher gross density were confirmed by our results. Based on a novel combination of transmission electron microscopy (TEM) imaging and image analysis, involving Fourier transformation, the orientation of cellulose microfibrils in the S 2 -and G-layer was determined. Within the G-layer microfibril angle (MFA) was parallel to the growth axis (0°). However, in the S 2 it was 13° in tension wood fibres and 4° in normal wood fibres. With the exception of the relatively low fibril angle in the S 2 of tension wood fibres (13°) the results are in good agreement with those of the literature.
INTRODUCTION
Trees respond to strain forces acting on the stem, e.g. strong winds, slopes, or on branches (load) by forming reaction wood in the zones of compression (softwood; Timell 1986) or tension (hardwood). However, reaction wood can also be induced experimentally by bending young stems, which makes it an attractive system to investigate the regulation of secondary cell-wall formation (Lafarguette et al. 2004; AnderssonGunnerås et al. 2006) . Tension wood fibres show specific anatomical features and generate stronger tension stresses on the upper side of the stem or branch and, thus, help the tree to maintain its growth orientation (Fisher & Stevenson 1981) . The anatomical differences cause variation in gross density, shrinkage and machinable properties of the raw material (Sachsse 1965; Coutand et al. 2004) . In hardwood species, tension wood is characterized by (i) an increase in growth on the tension wood side compared to the opposite side, (ii) a reduction of vessel frequency and (iii) the formation of a special wall-layer in the fibres, the so-called gelatinous layer (G-layer) . This G-layer normally replaces most of the S 2 as well as the entire S 3 layer and consists mainly of highly crystalline cellulose fibrils that are aligned parallel to the fibre axis (Côté & Day 1965; Norberg & Meier 1966) . Recently, evidence was presented for the occurrence of aromatic compounds in the gelatinous layer of tension wood fibres from maple, beech and oak (Lehringer et al. 2009 ). In addition, in hybrid aspen it was shown that the plant hormone ethylene is involved in the eccentricity of stems as it is formed in association with tension wood (Love et al. 2009 ).
The microfibril angle distribution in cell walls is usually measured by means of X-ray diffraction (Evans 1998; Lichtenegger et al. 1999a & b) which is the most popular method (Donaldson 2008 ). This method is much more rapid than the microscope-based iodine-crystallization technique (Kretschmann et al. 1998) . The latter technique relies on the precipitation of iodine crystals within the cell wall and has been used to visualize microfibril orientation using either brightfield microscopy (Bailey & Vestal 1937; Senft & Bendtsen 1985) or confocal microscopy (Donaldson & Frankland 2004) . In a recent comprehensive study, polarized light microscopy in combination with transmission electron microscopy (TEM) was applied on oblique sections used to detect the cellulose microfibril orientation in the S 2 layers of Pinus radiata D.Don tracheids (Donaldson & Xu 2005) . It could be shown that the microfibrils in the S 2 layer form a Z-helix (< 90°) with average orientation varying from 1° to 59° among the tracheids. The microfibril orientation in the S 2 layer appeared to be uniform. The MFA exclusively increased towards the S 1 region. Apart from microscopic methods near infrared (NIR) spectroscopy has been used to predict MFA by collecting NIR spectra from the surface of radial wood strips using multivariate modelling techniques (Schimleck & Evans 2002) ; however, the prediction of MFA in samples with high angles and low density (juvenile wood) is difficult.
TEM provides a powerful tool for a spatially resolved investigation of cell wall ultrastructure on single fibres (Sugiyama et al. 1986) . Optical diffraction and image analysis of cellulose protofibrils was applied to gain structural information on their respective orientation and the texture (Tsuji & Manely 1984) . A digital correlation method was applied to measure the lateral distance between two streaks in the diffraction pattern in order to determine the interfibrillar distance of the cellulose fibrils (Tsuji & Manely 1986) . Since TEM images can be recorded digitally or are digitized from bright field micrographs, this digitized data can be subjected to Fourier transformation (FT) converting real space into reciprocal space (Buseck et al. 1988) . In other words, the FT results in an angular frequency distribution of textural elements present in the micrographs. TEM micrographs can be transformed by a fast FT algorithm to evaluate size and arrangement of the cellulose microfibrils in original wood (Jakob et al. 1995) . This approach is very similar to the well-known optical diffraction technique. The digitally produced 'diffraction pattern' of an object -similar to an electron diffraction pattern -contains the distribution of the spatial frequencies present in this input object (Gorecki 1989) . We recently developed a TEM-micrograph-based method to evaluate the textural elements in wood cell wall sections (Zollfrank & Fromm 2009 ). These are the cellulose microfibrils in the secondary cell wall (S 2 ) which are visible in tangential sections as streaks after contrasting with heavy metal ions such as Pb(II). After converting a selected area from the TEM micrographs by FT, a higher frequency observed in particular areas in the FT images can be taken as a measure for a distinct angular distribution of the streaks visible in the TEM micrographs. Since these streaks are directly connected to the cellulose microfibrils, their orientation distribution can be obtained from angular fitting of the FT images (two-dimensional [2D] Gauss fitting). Consequently, the spatial frequency of orientation distribution is a quantitative measure for the cellulose microfibril angle (MFA) as a function of the deviation from the growth direction. This limits the technique to local observation method, but with a high spatial resolution. Therefore, statistical evaluation has to be applied. In this study, we extend the developed method to determination of the cellulose microfibril angle (MFA) of individual cell wall layers in poplar tension wood.
MATERIALS AND METHODS

Sample preparation
For this study 24-year-old branches of Populus nigra were chosen. Three trees were sampled and from each tree one branch was analyzed. The branches grew perpendicular to the leader. Small blocks with dimensions of 25 mm (longitudinal) × 10 mm (radial) × 10 mm (tangential) were cut from the sapwood and included the latest growth rings from the upper side as well as from the bottom side ('opposite wood') of each branch. All segments were taken close to the stem connection and, after being trimmed, were stored in 70% ethanol.
Light microscopy
From these xylem blocks, 30 transverse sections 15 µm thick were sectioned on a microtome, stained with astra blue (4 min, then rinsed) and safranin red (2 min, then rinsed), dehydrated in a graded ethanol series and embedded in Euparal resin (C. Roth, Karlsruhe, Germany). Images were taken with a digital camera (Axiocam, Zeiss, Germany) and image analysis was performed using a Zeiss Axio Vision system (Axio Vision 3.1).
Gross density measurements
To determine the gross density of poplar wood, 5 × 5 × 2 mm sections of tension wood as well as of opposite wood specimens, eight sections each, were weighed on an analytical balance . The specimens had been dehydrated in a rising ethanol series and stored at 20°C / 65% humidity. We calculated the gross densities of tension wood and opposite wood by measuring specimens taken exclusively from earlywood sections to prevent effects of ring borders.
TEM imaging and image analysis
Approximately 1-2-mm-thick segments of tension and opposite (normal) wood samples, three segments each, were embedded in Spurr's epoxy resin (Spurr 1969) . Ultrathin sections with a thickness of 70-80 nm of the tangential planes of the wood samples were obtained with a diamond knife on an ultramicrotome (Reichert-Jung Ultracut E, Germany) and stained for 10 minutes with 1% lead (II) citrate and a 0.5% uranyl acetate solution. The ultrathin sections were transferred onto Formvar ® coated Cu-grids (Plano, Germany). Bright field micrographs were recorded on Kodak SO-163 emulsion in a TEM (Philips CM 30, The Netherlands) operated at 200 kV. The TEM micrographs of the same magnification were selected and digitized with a commercial scanner (hp scanjet 7400c, USA) with at least 23622 dots per metre by transmitted light. Image analysis was performed according to procedures previously described in detail (Zollfrank & Fromm 2009 ). Here, a brief description will be given. Images with a size of 512 × 512 pixels were selected from the digitized TEM micrographs from the G-layer and/or S 2 region of the respective cell wall. A fast Fourier transformation (FFT) was performed on the digitized images using Scion image software (beta 4.0.2, Scion corporation, USA). A 2D Gaussian fit of the FT images in a defined circular segment (inner radius: 60 pixels; outer radius: 160 pixels) over the whole angular range (0-360°) was performed (FIT 2D software, Andy Hammersley, ESRF, Grenoble, France) to determine the angular distribution of the spatial frequencies corresponding to cellulose microfibrils of the input micrographs. The measured angles from spatial frequency distributions of the 2D Gaussian fits were corrected according to the inclination angle of the growth direction with respect to the scanned TEM micrographs. Note, that the FT peak distribution (reciprocal space) appears perpendicular to the microfibril orientation in real space. This is due to the fact, that the FT measures the distance between two streaks (textural elements) in the micrographs, which are visible due to staining of the cellulose microfibrils. These are therefore directly related to the cellulose microfibril orientation angle. This procedure was performed on at least 15 different FT images obtained from various regions in the G-and S 2 cell wall layer. The frequency at each angle are the MFA distribution curves, which were averaged and plotted as a function of the respective. A FT curve was generated from an area next to the sample and substracted from the sample MFA distribution curves to correct the influence of the instrument and deviations from the Formvar ® support film.
RESULTS AND DISCUSSION
Structure of tension wood and opposite wood
Cross sections of the outermost year rings of the branches were investigated for typical anatomical differences. On the upper side of the branch we observed typical tension wood characteristics (Fig. 1A, right) . Here, the most recent growth rings were considerably wider than on the opposite side (Fig. 1A, left) . At the same time the number of vessels in the tension wood tissue was lower (Fig. 1A, right) compared with the xylem cross section on the opposite side (Fig. 1A, left) . A third attribute of tension wood (the gelatinous or G-layer) could also be detected in the libriform fibres on the upper side of the branch (Fig. 1B) .
In tension wood tissue G-layers stained with astra blue are very prominent on fibre cell walls but do not appear in vessel elements nor in ray cells (Fig. 1B) . With regard to fibre length, several analyses revealed no significant differences between poplar fibres in tension wood and normal wood, respectively (Dadswell & Wardrop 1955; Sachsse 1965) .
Gross density
To obtain information on basic density differences, eight previously dehydrated tension and opposite wood samples (5 × 5 × 2 mm) were measured. In comparison to opposite wood, which showed a gross density r l of 0.35 ± 0.03 g/cm³, the gross density of tension wood was significantly altered by 54% to 0.54 ± 0.02 g/cm³. In previous investigations tension wood was also proven to have a higher gross density than normal wood. In poplar, with a normal gross density r l of 0.43 g/cm³ (Kufner 1978) , an increase of 12 to 17% for tension wood was observed frequently (for review see Sachsse 1965) . The reduction of vessel frequency, leading to higher fibre density, as well as the additional, thick G-layer is assumed to cause this increase.
Determination of the MFA by TEM imaging
By using TEM on tangential sections we could clearly differentiate the particular xylem cell wall layers of the libriform fibres (Fig. 2a) . The middle lamella in some parts cannot be distinguished from the adjacent primary cell walls; therefore, this unit is also often termed 'compound middle lamella' (CML). Due to the high lignin concentrations in this cell wall region the CML appears with a dark shade (Fromm et al. 2003) . The adjacent secondary cell wall is composed of two layers (S 1 and S 2 ). The lignin content in S 1 is less pronounced than in the adjacent S 2 . The latter is the most prominent cell wall compartment in ordinary wood cell walls. However, the thickest cell layer by far in tension wood fibres of poplar is the gelatinous layer (G). Here, it replaces the S 3 and forms the innermost layer (Fig. 2) . Previous reports state that this layer in large part consists of cellulose (Sachsse 1965; Norberg & Meier 1966; Gierlinger & Schwanninger 2006) , being highly crystalline and that the content of polyoses and lignin amounts only to a few percent. In addition, the G-layer consists mainly of cellulose microfibrils aligned in the direction of the fibre axis (Norberg & Meier 1966) . In order to test this we used TEM imaging analysis for the determination of the cellulose MFA (Zollfrank & Fromm 2009 ). The observed spatial frequencies in the obtained FT images from tension wood fibres are a direct measure for the distance between two neighbouring textural elements (observable as streaks in the TEM micrographs), that is, the orientation of cellulose microfibrils. The resulting averaged angular distribution of fitted intensities was plotted against the growth axis. The subsequently applied curve fit showed a maximum at 13° for the S 2 layer (Fig. 2c) while the G-layer had a maximum at 0° (Fig. 2d) . Both values correspond particularly well to the general orientation of cellulose microfibrils in hardwoods (Lichtenegger et al. 1999b) . In Japanese ash (Fraxinus mandshurica var. japonica) it was shown that MFA in the gelatinous layer varies between 0 and 10° (Prodhan et al. 1995a, b) . The TEM micrographs taken from cell wall sections of normal wood showed in principle the same structural features as the S 2 in tension wood. The 2D Gaussian fit of the derived FT images yielded an angular distribution plot, where the fitted curve displays a maximum at an inclination angle of 4° (Fig. 3 ) which correlates well with data obtained by other methods (Lichtenegger et al. 1999a, b) .
Hardwood trees can respond to loading conditions, such as lateral wind forces, gravitational forces or bending, by generating an adapted tension wood tissue with characteristic G-layers at the affected positions. The shrinkage of the G-layer during xylem maturation creates a very strong tensile stress in the fibres (Plomion et al. 2001) . Our TEM analysis showed that in poplar the S 2 layer of tension wood has less thickness than the G-layer (Fig. 2a) which has a steep microfibril angle (0°, Fig. 2d ). The use of our developed TEM imaging based method for determining the cellulose microfibril angle in the various cell wall layers showed in general that the obtained data correspond well to those obtained by other methods such as X-ray diffraction (Lichtenegger et al. 1999a, b) . We therefore conclude that the data presented here underline the strong impact of the ultrastructure of tension wood on its mechanical properties.
